Background Focal segmental glomerulosclerosis (FSGS) accounts for the majority of new-onset end-stage renal disease (ESRD) during adolescence. FSGS treatment is a great challenge for pediatric nephrologists due to intertwined molecular pathways underlining its complex pathophysiology. There is emerging evidence showing that perturbed lipid metabolism plays a role in the pathophysiology of FSGS. Methods We postulate that the nephrotic milieu in FSGS differs from minimal change disease (MCD) and that urinary lipidomics can be used as a tool for early diagnosis of FSGS. We explored the urinary lipid profile of patients with FSGS and MCD using an unbiased metabolomics approach. Results We discovered a unique lipid signature characterized by increased concentration of fatty acid (FA) and lysophosphatidylcholines (LPC) and a decrease in urinary concentration of phosphatidylcholine (PC) in patients with FSGS. These findings indicate increased metabolism of membrane phospholipid PC by phospholipase A2 (PLA2), resulting in higher urinary concentrations of LPC and FA. Conclusions We propose that increased PC by-products can be used as a biomarker to diagnose FSGS and shed light on the mechanism of tubular and podocyte damage. Validation of identified urinary lipids as a biomarker in predicting the diagnosis and progression of FSGS in a larger patient population is warranted.
Background
Glomerular disease is the number one cause of end-stage renal disease (ESRD) during adolescence [1] [2] [3] . Adolescents on dialysis are expected to live only 16 years, with a 10-year mortality rate as high as 20 % [4] . Focal segmental glomerulosclerosis (FSGS) is the most common cause of progressive glomerular disease, and its treatment remains as one of the most difficult challenges in pediatric nephrology [5] . Although substantial progress has been made in understanding the underlying podocyte defects and mutations that cause FSGS, we remain limited in deciphering the multiple facets of molecular alterations that lead to glomerular and tubular damage.
Urinary biomarkers have been an attractive tool for early diagnosis of kidney diseases and to delineate the mechanism of molecular alterations that lead to renal pathology. In nephrotic syndrome, determining urinary proteinomic profile has been a focus of research to predict steroid responsiveness, particularly to avoid the unnecessary use of high dosages [6, 7] . Although urinary proteinomics in NS identifies a cluster of proteins predicting steroid-resistant NS (SRNS), it has limited value in deciphering the network of molecular pathways leading to the progressive nature of SRNS.
There is great emphasis on the role of disarrayed lipid metabolism and accumulation of lipids in podocytes in FSGS [8, 9] . Despite the fact that detection of vacuoles in proximal tubule cells and urinary fat-laden tubules (so-called foam cell) are accepted as hallmarks of NS, there is very limited information regarding urinary lipid composition in NS. Urinary albumin in minimal-change disease (MCD) during relapse is devoid of fatty acids in comparison with the levels observed during remission and in healthy children [10] . However, a detailed examination and comparison of urinary lipids in FSGS and MCD has not been performed. We propose that considering the diverse nature of underlying pathology pertaining to the defect in permeability of the glomerular filtration barrier, composition of the nephrotic milieu differs in FSGS versus MCD. We hypothesize that determining the lipidomic profile of nephrotic urine will lead to discovery of new biomarkers to predict the diagnosis of FSGS and may also guide treatment. Moreover, urinary lipid profile examination may shed light on the mechanism of cellular damage observed in FSGS. To test our hypothesis, we used a mass spectrometric metabolomics approach to measure the urinary lipid profile of children with FSGS, MCD, and healthy controls.
Methods

Patient population
Patients were enrolled from Cincinnati Children's Hospital Nephrology Clinic. Random urine samples from ten patients with MCD, eight with FSGS, and ten age-matched healthy controls were analyzed. Patient urine samples were obtained at the time of nephrotic-range proteinuria and relapse for patients with MCD. Glomerular filtration rate (GFR) was estimated by modified Schwartz formula [11] .
Metabolomic analysis
Nontargeted metabolomic screening of urine samples was performed at the University of California-Davis Metabolomic Core. Urine aliquots (400 μl), stored at −80°C, were thawed and extracted using a modified liquid-liquid extraction [12] . Briefly, 225-μl of chilled methanol containing an internal stan- ; 750-μl of chilled methyl tertiary butyl ether (MTBE) (Sigma Alrich) containing the internal standard 22:1 cholesterol ester (CE) was added to 400-μl aliquots of sample. Samples were shaken for 6 min at 4°C using an orbital mixing chilling/heating plate (Torrey Pines Scientific Instruments). For consistency in volume and water content, 400-μl of deionized water was added to method blanks and pooled plasma. Samples were vortexed and centrifuged, and the upper layer was transferred to a new 1.5-ml Eppendorf tube. The upper layer was dried under reduced pressure, resuspended in methanol:toluene 90:10 containing 50 ng/ml (12-[[(cyclohexylamino)carbonyl]amino]-dodecanoic acid) (CUDA) (Cayman Chemical), sonicated, centrifuged, and subsequently transferred to an amber glass vial (National Scientific-C4000-2 W) with a microinsert (Supelco 27400-U). Resuspended samples were analyzed on an Agilent 1290A Infinity ultra-high-performance liquid chromatography (UHPLC) system with an Agilent 6520 Accurate-Mass quadrupole time of flight (Q-TOF) in both positive and negative modes. The column (65°C) was a Waters Acquity Ultra Performance Liquid Chromatography (UPLC) CSH C18 (100 mm length × 2.1-mm internal diameter; 1.7 μM particles) coupled with a Waters Acquity VanGuard CSH C18 1.7 μM pre-column. For positive-mode acquisition, the solvent system comprised 60:40 v/v acetonitrile:water (LCMS grade) containing 10 mM ammonium formate and 0.1 % formic acid, and 90:10 v/v isopropanol:acetonitrile containing 10 mM ammonium formate and 0.1 % formic acid. For negative-mode acquisition, the solvent system comprised 60:40 v/v acetonitrile:water (LCMS grade) containing 1 0 m M a m m o n i u m a c e t a t e , a n d 9 0 : 1 0 v / v ( B ) isopropanol:acetonitrile containing 10 mM ammonium acetate. The gradient was 0 min 15 % B, 0-2 min 30 % B, 2-2.5 min 48 % B, 2.5-11 min 82 % B, 11-11.5 min 99 % B, 11.5-12 min 99 % B, 12-12.1 min 15 % B, and 12.1-15 min 15 % B. Flow rate was 0.6 ml/min with an injection volume of 5 μl for electrospray ionization (ESI) (±) mode acquisitions. ESI capillary voltage was +3.5 kV and −3.5 kV, with collision energies of 25 eV and 40 eV for tandem mass spectrometry (MS/MS) collection in positive and negative acquisition modes, respectively. Data was collected at a mass range of m/z 60-1700 Da, with a spectral acquisition speed of 2 spectra per second. Data quality and instrument performance was monitored throughout data acquisition using quality control (internal standards), method blanks, and reference pooled plasma samples. Relative standard deviation (SD) on replicate analysis was~7 %. All lipid species, including ceramides, acylcarnitine, CE, DG, fatty acids (FA), LPC, PC, PE, phosphatidylinositol (PI), SM, and TG were measured.
Data were processed using the Agilent MassHunter Quantitative Analysis software. Intensity values are representative of peak heights. Complex lipids were identified by searching against a precursor accurate mass and retention-time library (in-house) in conjunction with matching tandem mass spectra against the LipidBlast virtual MS/MS database [13] .
Statistical analysis
Before data analysis, distributions of all detected metabolites were checked, and log 2 transformation was applied to normalized raw data. We adapted a median fold change (MFC) method for normalization of lipid data. This method was proven to reduce dilution-induced variation in urine samples but to keep biologically relevant changes [14] . During processing, the MFC method adjusts the median of log fold changes of peak intensities between normalized sample and target profile to approximately zero. We chose the median profile from the lipid data set as the target profile in this procedure. Normalized data from UPLC/MS analysis including 314 metabolites that were thereby used for subsequent statistical analysis. A total of 20 metabolites met the significant p value (Student's twosample t test) <0.05 and fold changes between FSGS and MCD urine samples >2.
Regarding methods for heat map generation, hierarchical cluster analysis was used to visualize patterns of lipid metabolites in urinary profiles. Abundance of each metabolite was log 10 transformed and autoscaled to unit variance prior to analysis. Relationships were based on Pearson's correlation Comparisons of all metabolites from urine of patients with FSGS (n=8) or MCD (n=10). The y axis is the negative log 10 of p values (a higher value indicates greater significance), and the xaxis is the difference in signal intensity between two experimental groups as measured in log 2 space. The volcano plot displays the relationship between fold change and significance between the two studied groups. Metabolites significantly differentiated are color coded, and important ones are labeled (p value<0.05, fold change>2). between significant lipids. Correlations were visualized using a heat map based upon hierarchal clustering calculated on Elucidean distances and Wards agglomeration [15, 16] . All statistical analyses and graph generation were conducted with R environment statistical computing.
Results
Demographic data regarding patient characteristics are represented in Table 1 . Patients with MCD were younger in age and of both genders, reflecting the characteristics of this disease, while the majority of FSGS patients were males of older age. There was a statistically significant difference between mean ages of patients with FSGS versus MCD (p<0.01). There are no studies examining the difference of urinary lipid metabolite content between different age groups in the pediatric population. This prompted us to examine urinary lipid content of our healthy control population in detail. We stratified this population based on age and compared urinary lipid profiles of young controls [ages 4-8 years (5.6±0.81) (n=5)] with older controls [ages 10 -18 years (14.2±1.46) (n=5)]. Although the age difference was statistically significant (p<0.001), there was no statistically significant difference in urinary lipid profiles ( Table 2) .
Distribution of medications was similar at the time of enrollment into the study. Patients with FSGS displayed lower GFR, whereas MCD patients had hyperfiltration, as expected. A distinct profile of urinary lipids was observed between patients with MCD and FSGS. Patients with FSGS had low urinary PC excretion and increased urinary FA and LPC excretion, whereas patients with MCD had higher urinary PC levels (Fig. 1) .
The box and whisker plot revealed that patients with FSGS had elevated levels of FA 16:0, FA 22:4, LPC 14:0, and LPC 18:1 when compared with healthy controls and patients with MCD (Fig. 2a, b) .
Hierarchical clustered heat map analysis demonstrates increased urinary LPC and FA excretion in patients with FSGS (Fig. 3a) .Heat map analysis shows an overall decrease in urinary acylcarnitine levels in patients with FSGS, which were statistically significant (12:0) in patients with FSGS (Fig. 3b) .
Patients with FSGS were divided into two groups (four patients in each group) based on their estimated GFR: normal . The low group had higher urinary FA concentration (did not reach statistical significance) and lower urinary acylcarnitine C12:0 concentration (p<0.05) (Fig. 4) .
Discussion
Identification of a diverse lipid profile in human plasma has augmented the research efforts to identify potential biomarkers to diagnose life-style-induced or genetically-based human diseases [17] . However, there has been very little emphasis on the lipidomics approach to diagnose pediatric glomerular diseases. In this study, we investigated the urinary lipid signature of patients with FSGS and MCD and discovered that urine samples of patients with FSGS and MCD have a distinct pattern. Altered lipid metabolism has been implicated in progression of glomerular disease, particularly in diabetic glomerulopathy in adults; however, the impact of altered lipid metabolism upon the course of glomerular diseases in children has not yet been explored [18, 19] .
Three choline-containing phospholipids-phosphatidylcholine, lysophosphatidylcholine, and sphingomyelin-are elevated in the diabetic kidney as a response to growth signals, and are proposed to contribute to renal hypertrophy [16] . A mouse model for metabolic syndrome, the POKO mouse, displays an increased toxic lipid profile in glomeruli, causing upregulation of growth factors, including tumor growth factor-beta (TGF-β), proinflammatory cytokines, and adhesion molecules [20] . Recently, dysregulation of ceramide metabolism was reported to be involved in diabetic kidney disease [21] . Furthermore, an increase was detected in 19 phospholipids in plasma samples of patients with chronic kidney disease and chronic glomerulonephritis in comparison with healthy controls, suggesting their utility as potential biomarkers for kidney diseases [22] .
Membrane phospholipids constitute the framework of the cell membrane and play an important role in permeability, hormonal activation, and cell viability. In ischemic injury, cells are depleted of the major phospholipids, and an accumulation of phospholipid by-products occurs in ischemic liver, heart, and kidney injury [23] [24] [25] [26] . Phospholipid degradation contributes to tissue injury in many organs, particularly during ischemic kidney injury. In hypoxemic kidney injury, increased accumulation of intracellular FA secondary to decreased mitochondrial metabolism has been reported [27] . Phospholipase A2 (PLA2) acts on membrane phospholipids at the sn-2 position to generate lysophospholipids and free fatty acids (FFA). Unregulated PLA2 activity and the toxic actions of FFA and lysophospholipids may alter plasma membrane and mitochondrial permeability in ischemia and reperfusion [28] . Exogenous PLA2 activity leads to a decline in PC and an increase in LPC, LPE, and FFA levels, resulting in a significant decrease in cellular adenosine triphosphate (ATP) and K levels in hypoxemic proximal tubule epithelial cells. This is a similar pattern to that we observed in urine samples of patients with FSGS [29] . In ischemic kidney injury, increased concentrations of cortical LPC, FA, and other lipid breakdown products, in association with membrane blebbing and cell death in proximal tubule epithelial cells, have been reported [30] . Patients with FSGS have an increase in urinary LPC and FA levels and a decrease in precursor PC, indicating enhanced PLA2 activity. Both LPC and FA are metabolites of PLA2 activity and are elevated in proximal tubule epithelial cells in ischemic injury. In addition, PLA2 is expressed in podocytes and aids in breakdown of membrane phospholipids. Patients with low GFR displayed a trend toward an increase in urinary FA concentration, but the difference did not reach statistical significance due to small sample size. We speculate that increased PLA2 activity in damaged podocytes and/or tubular epithelial cells may cause higher urinary concentrations of LPC and FA. Recently, a mouse model of FSGS induced by podocyte-specific injury of a double transgenic mouse (NEP25/LDLR-/-) with severe hypercholesterolemia displayed glomerular lipid peroxidation, foam-cell formation, and glomerular accumulation of LPC [31] .
Increased serum LPC levels were implicated in chronic inflammatory processes, such as rheumatoid arthritis, multiple sclerosis, pulmonary fibrosis, and hepatitis. Studies have shown that LPC species evoke activation of signaling molecules that play a role in the inflammatory response, such as protein kinase C, nuclear factor kappa B (NFκB), and mitogen-activated protein (MAP) kinases in endothelial cells [32] . LPC, a polar phospholipid, is also a component of atherogenic lipoproteins [33] . In endothelial cells, LPC promotes atherosclerosis by increasing the concentration of oxidatively modified low-density lipoprotein (LDL) and β migrating very-low-density lipoprotein (VLDL) [34] . We found increased palmitic acid, FA 16:0, in urine samples of patients with FSGS. There is emerging evidence that saturated FA, particularly palmitic acid, cause lipotoxicity and cell death in podocytes [35] .
Taking all these findings together, it is conceivable that the presence of urinary lipid metabolites does not only serve as a biomarker to distinguish between MCD and FSGS, but their presence can further enhance cellular damage in human glomerular diseases. In addition, we discovered that despite an increase in FA production, FSGS is characterized by a urine deficiency of acylcarnitine 20:0; FSGS patients with low GFR displayed lower urinary acylcarnitine levels. Acylcarnitine plays a role in FA oxidation and facilitates transportation of fatty acyl-CoA across the inner mitochondrial membrane. In the mitochondrial inner membrane, acetyl-CoA generated from each cycle of fatty-acid β-oxidation enters the mitochondrial tricarboxylic acid (TCA) cycle. Products of β-oxidation and the TCA cycle, nicotinamide adenine dinucleotide, reduced (NADH), and 2 (FADH 2 ), are used in the electron transport chain to produce ATP. We propose that low urinary acylcarnitine levels, despite increased FA production, indicate an arrest in FA oxidation due to mitochondrial dysfunction in FSGS or cellular carnitine deficiency (a proposed mechanism is depicted in Fig. 5 ).
In summary, we propose that the urinary milieu in FSGS contains cytotoxic lipid metabolites that originate from damaged podocytes and/or tubular cells, and this distinct urinary profile can lead to biomarker discovery. Furthermore, the presence of unique lipid metabolites indicates perturbation of specific molecular pathways, which can further be tested in vivo and in vitro. If this is proven, then it may assist in developing interventions to ameliorate the cellular damage caused by ingredients of the nephrotic milieu and predict outcome in FSGS.
In order to achieve longer life expectancy and better quality of life for children and adolescents with kidney disease, we need to explore other measures of attenuating the long-term adverse effects of proteinuria. We propose that targeted and untargeted urinary lipidomics approaches will serve to identify biomarkers that predict the outcome of glomerulopathies and that these markers can be used as tools to guide therapy. The major limitation of our study is the small sample size. The potential role of urinary lipidomics as a biomarker in diagnosing FSGS, determining disease severity, and response to treatment will need to be tested in larger patient populations. Our pilot study is cross-sectional in nature and therefore does not enable us to establish a cause-effect relationship; however, it paves the way to a prospective cohort to examine longitudinally the urinary lipid profiles of children with different types of glomerulopathies. Furthermore, we need to investigate the utility of using agents targeted to inhibit PLA2 activity, or perhaps the use of carnitine to induce FA metabolism in patients with FSGS to ameliorate extensive tubulointerstitial injury.
